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Abstract In articular cartilage the orientation of collagen fibres is not uniform
varying mostly with the depth of the tissue. Besides, the biomechanical response
of each layer of the articular cartilage differs from the neighbouring ones, evolving
through thickness as a function of the distribution, density and orientation of
the collagen fibres. Based on a finite element implementation, a new continuum
formulation is proposed to describe the remodelling and reorientation behaviour
of the collagen fibres under arbitrary mechanical loads. The cartilaginous tissue is
modelled based on a hyperelastic formulation, being the ground isotropic matrix
described by a neo-Hookean law and the fibrillar anisotropic part modelled by a
new anisotropic formulation introduced for the first time in the present work, in
which both reorientation and remodelling are taken into account. To characterize
the orientation of fibres, a structure tensor is defined to represent the expected
distribution and orientation of fibres around a reference direction. The isotropic
and anisotropic constitutive parameters were determined by the good validation
of the numerical models with the experimental data available from the literature.
Considering the effect of realistic collagen fibre reorientation in the cartilage tissue,
the remodelling algorithm associated with a distribution of fibres model showed
accurate results with few numerical calculations.
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1 Introduction
In tissue engineering, the mechanical properties of the engineered material are
crucial for any application and/or treatment. The mechanical stimuli imposed on
bioreactors are between the most important factors on the tissue growth. Finite
element analysis based on computer models for articular cartilage is commonly
used to understand the intrinsic growth factors (collagen fibres orientation, solute
transport, growth of extracellular matrix constituents and others) and to simulate
the effect of changes of the tissue structure under well-defined loading conditions
(Chung and Ho, 2010; Nava et al, 2013; Hossain et al, 2014; Bandeiras et al, 2015).
In order to improve the mechanical properties of the tissue-engineered cartilage,
the organization of the collagen network associated with the mechanical loading
needs a deeper attention.
The collagen fibres in the articular cartilage have a non-uniform orientation and
distribution varying with the depth of the tissue. Because of this inhomogeneous
structure, each cartilage layer responds differently to the same mechanical load
(Pierce et al, 2013; Federico and Herzog, 2008; Khoshgoftar et al, 2013; Gasser
et al, 2006; Federico and Gasser, 2010). The role of fibres is essentially mechan-
ical, promoting tissue stiffness and strength. Besides, the mechanical behaviour
of connective tissues is strongly influenced by the structural arrangement of the
fibres. Consistent with classical arcade-like descriptions of collagen network organi-
zation in cartilage (Wilson et al, 2004), fibres in the superficial zone are preferably
oriented in the plane parallel to the articular surface, while in the middle zone
fibres are dispersed with a random orientation. In the deep tissue zone, fibres tend
to be oriented perpendicularly to the bone cartilage interface, i.e., perpendicular
to the articular surface (Pearle et al, 2005; Wilson et al, 2007).
Several nonlinear constitutive models have been proposed to study the mechan-
ical behaviour of tissues containing collagen fibres and some of constitutive laws
consider a negligible resistance (’buckling’) of fibres under compression (Holzapfel
et al, 2000; Federico and Herzog, 2008). Finite element (FE) models have been de-
veloped for families of fibres oriented in different directions (Holzapfel et al, 2000;
Holzapfel and Gasser, 2001). The constitutive approach based on angular integrals
requires extensive calculations (Ateshian et al, 2009). Based on a hyperelastic free-
energy function, these models have been improved using a generalized structure
tensor that characterizes the statistical dispersed collagen fibre orientation (Gasser
et al, 2006). Still, even if this approach requires a small number of calculations
to obtain the strain and stresses fields, these models are limited (Cortes et al,
2010). Federico and Herzog (2008) proposed a constitutive model represented by
an integral form of the elastic strain energy potential, which is performed on the
unit sphere. Here, the integrals evaluation is performed using the spherical designs
methods (Pierce et al, 2015). Recent progress in FE models has improved our
understanding of depth-dependent properties of cartilage incorporating the fibre
response using a reference direction and a fibre dispersion around this direction
(Pierce et al, 2013; Wilson et al, 2007). Theoretical models to predict the colla-
gen network architecture in various soft tissues assumes that collagen fibres align
along the preferred fibre directions that are situated between the positive principal
strain directions (Driessen et al, 2003; Wilson et al, 2006; Driessen et al, 2008).
The collagen alignment has been shown to align with respect to loading in articu-
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lar cartilage, predicting the development of the typical Benninghoff-type collagen
fibre orientation (Wilson et al, 2004; Khoshgoftar et al, 2011).
1.1 Aim of the study
In the present study, a novel continuum anisotropic hyperelastic formulation taking
into account both fibres reorientation and fibres remodelling is proposed, aiming
to investigate the role and evolution of the depth dependent collagen network in
the articular cartilage. A structural tensor associated with the dispersion of the
embedded collagen fibres is introduced. The arrangement of the fibres is not repre-
sented by a numerical integration on the sphere surface (with a spherical harmonic
distribution), but with a distribution of fibres simply defined around a reference
direction and an ellipsoidal distribution assumed. The aim is to evaluate whether
the new remodelling algorithm based on Wilson et al (2006), associated with this
fibre-reinforced FE model is consistent with the orientation and distribution of the
collagen fibres observed in native articular cartilage. The remodelling algorithm is
therefore envisaged to be a valuable tool for the development of improved loading
protocols for the tissue engineering of articular cartilage, and the understanding of
structural adaptation of the collagen network during random loading conditions.
2 Continuum mechanical framework
2.1 Basic Kinematics
Let Ω0 ⊂ R3 be the (fixed) reference configuration of a continuous body. The
body undergoes a deformation χ, which transforms a typical reference material
point X ∈ Ω0 into a spatial point x = χ (X) ∈ Ω in the deformed configuration.
Let F(X) = ∂χ (X) /∂X be the deformation gradient and J (X) = det F(X) the
local volumetric deformation ratio. Due to the material incompressibility of soft
biological tissues (such as articular cartilage), the deformation gradient can be
decomposed into a spherical (dilatational) and a unimodular (distortional) part
as:
F =
(
J1/3I
)
F¯ (1)
where I is the second order unity tensor and F¯ is associated to the part of the
total deformation gradient that does not produce any change of volume. Soft tis-
Fig. 1 Three-dimensional graphical representation of the ellipsoidal distribution of fibres given
a reference direction ef,0.
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sues (such as cartilage) have a non-linear elastic mechanical behaviour. Generally,
soft tissues like cartilage are modelled with pseudo-elastic or hyperelastic models.
Adopting a hyperelastic formulation, the Lagrangian second Piola-Kirchhoff stress
tensor (Π) can be derived from the strain energy density potential as
Π =
∂W
∂E
= 2
∂W (C)
∂C
(2)
where C = FTF = J2/3C¯ and E = 12 (C− I) are the right Cauchy-Green strain
tensor and the Green-Lagrange strain tensor, respectively. The scalar strain energy
function (W ) depends on a set of invariants of C. This potential can also be
decomposed into volumetric (Wv) and isochoric (W¯ ) parts,
W
(
J, C¯
)
= Wv (J) + W¯
(
C¯, ...
)
(3)
being the first term associated with the volumetric change and the second one
with the isochoric deformation (Alves et al, 2010; Castro et al, 2014).
In case of an inhomogeneous structure like articular cartilage, the mechanical
response is driven by either the matrix or, mainly, by the collagen fibres. While
the matrix determines the isotropic response, the collagen fibres determine the
anisotropic response of the articular tissue. Therefore, the total elastic strain en-
ergy can be decomposed into the elastic energy associated to the deformation of
the matrix (i.e. the non-fibrous isotropic part) plus the elastic energy associated
to the deformation of the collagen fibres (i.e. the fibrous anisotropic part), such
that:
W¯
(
C¯,H
)
= W¯iso
(
C¯
)
+ W¯aniso
(
C¯,H
)
(4)
In the present work, the isotropic material is described by the neo-Hookean
law,
W¯iso(C¯) =
µ
2
(
I¯1 − 3
)
(5)
and the anisotropic fibrous material by a new fibre-reinforced model proposed in
this work, based on Gasser et al (2006) and Holzapfel and Ogden (2010), and on
a new structure tensor H,
W¯aniso(C,H) =
k1
2k2
[
exp(k2〈E1〉2)− 1
]
(6)
where µ is the shear modulus of the isotropic matrix of the articular cartilage, I¯1
is the first invariant of C, H is the general structure tensor, and k1 and k2 are ma-
terial parameters associated with fibres, which can be determined by experimental
validation. E1 is a new pseudo-invariant defined as
E1 = H : C−H : I (7)
The new general structure tensor H plays a major role in the definition of
this new pseudo-invariant E1. Indeed, the role of the structure tensor is to take
into account any physically based distribution of the collagen fibres around a
reference direction ef,0, as can be seen in the different layers of the articular
cartilage. Therefore, the structure tensor H depends on b parameter, which defines
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the dispersion of fibres around a random reference direction ef,0. The compact
form for structure tensor can be given by:
H− =
(
1 + β−|b|α
)
I− |b|α
(
1 + β−
)
ef,0 ⊗ ef,0 (8)
with b ∈ [−1, 0[,
H+ = (1− bα) I + bα
(
1 + β+
)
ef,0 ⊗ ef,0 (9)
with b ∈ [0, 1].
The parameters α and β are material constants, varying between [−∞,+∞], aimed
at increasing the flexibility of the model in order to allow a best fit of the nonlinear
structure tensor stress response depending on parameter b to experimental data.
In this new formulation, the range of b parameter is defined between −1 and 1.
The following well-defined particular cases can be identified: a) lower limit b = −1
describes an isotropic distribution in the plane normal of the reference direction
ef,0 (i.e., the superficial zone of the articular cartilage); b) the parameter b = 0
corresponds to the three-dimensional isotropic arrangement of the fibrous network
(i.e., the middle layers of the articular cartilage); and c) the upper limit defines
the alignment of all collagen fibres with the reference direction ef,0 (i.e., the deep
zone). Fig. 1 shows a graphical representation of the fibres distribution with a
particular reference direction ef,0. Table 1 shows the values of the distribution
parameter b, a schematic representation of the orientation of fibres and the struc-
ture tensor for each typical zone of the articular cartilage assuming the reference
direction given by ef,0 ≡ z.
A final remark concerning the usage of the Macaulay brackets (defined by the
operator 〈·〉) in Eq. 6. A common assumption is that fibres can only be loaded
in tension, and suffer buckling in compression (Federico and Herzog, 2008). In
order to take this into account, the elastic energy associated to the compression
of the fibres must be neglected, and thus if E1 ≤ 0, the term inside the Macaulay
brackets becomes zero and the energy function is reduced to the isotropic part.
2.2 Collagen remodelling
The remodelling of the collagen network in the articular cartilage in general, and
particularly in tissue engineered, occurs at two levels: on the one hand, the evo-
lution of the collagen density, which determines the strength of the tissue; on the
other hand, the reorientation of the collagen fibres network, which determines the
anisotropy of the tissue. Together, density and orientation, as well as remodelling
and reorientation, determine the mechanical response of the tissue to arbitrary
mechanical loads. In what follows is presented the model proposed to describe
both phenomena, i.e. the collagen fibres remodelling and reorientation. Knowing
that collagen fibres growth and remodelling is due to the mechanical stimuli, and
thus due to tissue deformation and strain fields, let us consider that e1 > e2 > e3,
the principal vectors (eigenvectors), or principal strain directions, of the Green-
Lagrange strain tensor E, and λ1 > λ2 > λ3 the principal values (eigenvalues)
of the same strain tensor. The principal values can be either positive or negative,
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representing so a tensile or a compressive strain state, respectively, with respect
to the correspondent principal strain vector (Driessen et al, 2003; Wilson et al,
2006; Khoshgoftar et al, 2011).
Based on the hypothesis that collagen fibres align and growth along the positive
principal strain directions, i.e. along the tensile mechanical stimulus, the fibre
alignment is done through preferential direction ep (see Fig. 2) defined by:
ep = e3 (10)
when the principal value associated to a given principal vector is in compression
and two principal values associated to the other two principal vectors are in tension
(i.e. e1, e2 > 0 and e3 < 0) , or defined by
ep = e1 (11)
when two axes are in compression and an axis in tension (e1, e2 < 0 and e3 > 0).
e1, e2 and e3 are the eigenvectors of the right-Cauchy tensor C, i.e., they are
the principal directions of the strain. The collagen fibres tend to reorient toward
the preferred fibre direction with a given angular velocity. Thus, the reorientation
model defines the rate at which the reference axis ef,0 of the tissue rotates to the
preferential direction ep:
dθ
dt
= καr = κ arccos ‖ef,0 · ep‖ (12)
where αr is the angle between the current reference fibre direction ef,0 (unde-
formed configuration) and the preferred fibre direction ep determined at a given
instant as a function of the local strain field (see Fig. 2).
Fig. 2 Schematic representation of the preferred fibre direction ep situated in between the
positive principal strain directions e1 and e2. Note that vector e3 is perpendicular to the
plane. The fibre direction with respect to the undeformed configuration ef,0,old is rotated
toward the preferred fibre direction ep over an angle dθ resulting in the new fibre direction
ef,0. αr denotes the angle between ep and ef,0.
To control the rate of reorientation, a positive constant κ was defined. The
fibres are rotated around the following rotation axis,
er =
ef,0 ⊗ ep
‖ef,0 ⊗ ep‖ (13)
However, future experimental results shall contribute to improve our understand-
ing about fibre reorientation.
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The collagen fibres will not only reorient but also redistribute around the refer-
ence direction. The distribution of the collagen fibres around the reference direction
is assumed to be described by parameter b and modelled by the structure tensor
H. Adopting for parameter b a similar evolution law as adopted for the evolution
of the reference direction, the following equation can be written as follow,
db
dt
= rb (bt − b0) (14)
where b0 is the current value of the distribution parameter b and bt is the target
value of distribution of fibres, to be calculated from the strain field and strain
loading history. The reorientation rate of distribution is defined by rb and it is
associated with the regeneration process of the cartilage. To establish the natural
phenomenological process of the tissue, we hypothesized that (i) in compression
reaches the value of −1, i.e., the fibres tend to be oriented in the direction per-
pendicular to the fibre reference direction, and (ii) in tension fibres tend to the
positive value of +1, where the fibres are perfectly aligned with the fibre reference
direction ef,0 (see Fig. 2).
Table 1 Distribution parameter, schematic representation of the fibre orientation and struc-
ture tensor for superficial, middle and deep zone of cartilage for a fibres reference direction of
ef,0.
Zone Superficial Middle Deep
b -1.0 0.0 1.0
Fibre orientation
Structure tensor in tension

0
0
1− |bα|


0
0
1


0
0
1 + β+bα

Structure tensor in compression

1 + β− |bα|
1 + β− |bα|
0


1
1
0


0
0
0

3 Finite element implementation
The validation of the proposed formulation and FE implementation includes three
main steps. Firstly, an analytical procedure to adjust the material and structure
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parameters was employed, determining a set of material parameters for each car-
tilage zone. Using some literature studies (Ateshian et al, 1997; Elliott et al, 2002;
Jurvelin et al, 2003; Pierce et al, 2013), the influence of these structure parameters
were then investigated based on the nonlinear behaviour of the cartilage bipha-
sic fibre-reinforced FE model. To explore the proposed remodelling algorithm,
some numerical examples were implemented using the validated fibre-reinforced
FE model, evaluating the performance of the collagen fibres reorientation that
occurs in articular cartilage. At the end, a combination of all tissue layers in the
same FE model was analysed. A total displacement corresponding to 10% of the
specimen thickness was applied in the sample over a pseudo-time and different
values of rb of 0.1, 0.2 and 0.3 (see Eq. 13) were evaluated.
3.1 Loading and boundary conditions
Some studies and FE analysis in literature have been using a confined compression
configuration to study the mechanical response of the collagen fibres in cartilage
(Guo et al, 2015). However, this boundary value problem exhibits some main
drawbacks in terms of the response of the fibres under tensile loads, i.e., the fibres
strain in the transverse direction to the main loading axis (compressive loading)
will be null due to the confinement. In the superficial zone, this issue is more
evident and constraining. Thus, to demonstrate that the proposed formulation and
FE model can reproduce the experimental observations, unconfined compression
and uniaxial tension problems were considered. Both compression and tension
,
Fig. 3 Cubic finite element mesh of a cartilage layer (1.0x1.0x1.0 mm3) symmetrically con-
strained in x0y, x0z and y0z planes.
simulations were performed using a cubic FE mesh (1.0x1.0x1.0 mm3) discretized
with 512 quadratic 27-node hexahedral finite elements (see Fig. 3). The FE model
was symmetrically constrained in x0y, x0z and y0z planes and modelled on a
home-developed open source FE solver. A fully-implicit Newton-Raphson iterative
method to solve the nonlinear problem, and a biphasic formulation with total
incompressibility of the solid matrix are used (Alves et al, 2010; Castro et al, 2014).
An FE model of a cartilage cubic sample was built in unconfined compression for
both superficial zone (with the fibres aligned parallel to articular surface) and
middle zone (with the fibres randomly orientated). A displacement was applied to
the upper surface of the sample up to an engineering strain of −0.50 and −0.80 for
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the superficial zone and middle zone, respectively. As in the deep zone all fibres are
in the same direction and perfectly aligned with the loading axis, the compressive
response of the anisotropic part will be null due to the buckling assumption of the
fibres under compression (Cortes et al, 2010). Thus, the results in compression of
this zone were not considered for analysis. The uniaxial tension model was tested
to validate the constitutive model with experimental curves for all cartilage zones
(superficial, middle and deep). A displacement was applied to the upper surface of
the sample up to an applied engineering strain of +0.15. In the superficial case, the
loading axis is parallel to the plane in which all fibres are isotropically arranged,
as represented in Fig. 4b, in opposition to the more biological orientation of the
fibres with respect to the loading axis (see Fig. 4). In this tensile condition, fibres
are stretched along the loading direction and compressed along the perpendicular
directions. Here, a different fibre reference direction ef,0 was defined.
Fig. 4 Orientation of the fibres in the superficial zone. Left: scheme of the fibres distribution
in the plane perpendicular to the reference direction ef,0. The loading direction coincides with
the reference direction. Right: scheme of the plane of fibre distribution aligned with the loading
direction. Here, the reference direction of fibres was changed.
3.2 Material and structure data
Analysed some studies from literature, the isotropic material properties of the ex-
tracellular matrix were obtained. The shear modulus has been reported as constant
for all zones in the articular cartilage. Despite the collagen content may influence
the shear modulus (Pierce et al, 2013; Responte et al, 2007), in this study this
collagen content was not considered in the definition of the material properties.
The cartilage tension-compression nonlinear behaviour was analysed compar-
ing the experimental data with the numerical results in order to find the structure
parameters, i.e. parameters µ, k1, k2, alpha, beta+ and beta−. For the sake of
simplicity, the same numerical model was used in compression and in tension to
simulate the superficial and middle zones. However, for the deep zone, only the
uniaxial tension model was achieved, given that fibres will not respond under com-
pression when they are aligned with the loading direction. Unfortunately, there are
no experimental data to compare the response of the deep zone of the articular
cartilage. Here, the same material parameters used in the simulation of b = 0 were
used for the simulation with b = 1, representing the deep zone when the fibres
are aligned with the reference fibre direction. For all examples, ef,0 was defined
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to be the same as the loading direction, except for the uniaxial tension of the
superficial zone, where it was assumed as being perpendicular to the loading di-
rection (see Fig. 4). In this case, all fibres are dispersed in the perpendicular plane
to the articular surface and the fibres are stretched in the loading direction. The
fibre distribution parameter was defined as b = −1 for superficial zone (where the
fibres are in the plane which is perpendicular to ef,0 and parallel to the articular
surface), as b = 0 for the middle zone (with a randomly fibre distribution) and
b = 1 for the deep zone (where all fibres are aligned with ef,0, i.e., perpendicular
to the articular surface) (Wilson et al, 2006; Responte et al, 2007; Pierce et al,
2013). For each case, the structure parameters k1 and k2 were estimated. These
Table 2 Reference material, structure and remodelling parameters of the FE model charac-
terizing cartilage layers in different loading conditions (C - compression and T - tension).
Zone Loading ef,0 b µ(MPa) k1(MPa) k2 α β+ β− bt κ rb
Superficial
C (0,0,1) -1.0 0.05 0.022 0.01 1.0 - 0.1 -1.0 1.0
0.5
1.0
T (1,0,0) -1.0 0.05 0.47 1.5 1.0 - 1.0 - - -
Middle
C (0,0,1) 0.0 0.05 0.022 2.0 1.0 1.0 - 1.0 1.0 1.0
T (0,0,1) 0.0 0.05 0.53 0.1 1.0 1.0 - -1.0 1.0
1.0
2.0
Deep T (0,0,1) 1.0 0.05 0.135 0.01 1.0 1.0 - 1.0 1.0 1.0
parameters are not well understood for cartilage (Pierce et al, 2013) but they may
change with the depth of the tissue. The same is shown with α and β parameters.
These new structure parameters introduced in this proposed model were defined
as constant for all cases, except for compression in the superficial zone, where β
was defined as 0.1 to adjust better the tension-compression curve to experimental
data. A convergence problem in the numerical example led to use a different value
of β. To better understand the influence of α and β structure parameters, some
representative numerical examples were performed (see Sect. 4.1).
Table 2 gives the set of material and structure parameters used in the proposed
fibre-reinforced FE model to estimate the nonlinear response of the three cartilage
layers (superficial, middle and deep zones) under compression (C) and tension (T)
conditions.
3.3 Remodelling analysis
The remodelling algorithm was integrated in the fibre-reinforced FE model. Some
numerical examples using the proposed approach were performed for all zones of
cartilage (superficial, middle and deep). To illustrate the major features of the
fibre remodelling model, the cubic sample was loaded axially (in tension and com-
pression) and the axial true stress was analysed. For each zone, the material and
structure values were assumed the same as in the previous examples (see Table 2).
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Initially, the remodelling parameter rb was arbitrary set to 1.0. In parallel with
simulations, its influence in the fibre distribution parameter was analysed. As the
value of the constant rate κ showed to be not critical for the evolution of the
remodelling process and as there is no experimental data to validate this param-
eter, it was set 1.0 for all simulations. The remodelling process was considered
with a dimensionless time scale. The load was applied instantaneously, thereafter
it is held constant and the remodelling process starts. The evolution of the fibre
orientation and stress fields are analysed during the remodelling process, as shown
in Fig. 14-16. The remodelling parameters used in all simulations are displayed in
Table 2.
4 Results and Discussion
4.1 Tension-compression nonlinear behaviour
After an extensive exploration for data which might validate our FE model, some
literature data (Ateshian et al, 1997; Elliott et al, 2002; Jurvelin et al, 2003; Pierce
et al, 2013) was selected. A uniaxial unconfined compression test was carried out to
demonstrate the validation of the constitutive model for the superficial zone (with
the fibres aligned in the loading direction). Fig. 5 shows a comparison between
the computed axial Cauchy stress component obtained by the FE model and com-
pared with the experimental results available (Ateshian et al, 1997). Simulation
coincides well within one standard deviation of the stresses determined experimen-
tally, reproducing the mechanical behaviour of the superficial zone (distribution
defined as b = −1). When the cuboic FE model is loaded, the resulting axial stress
increases (in absolute value) nonlinearly with the stretch. The FE model validation
required a little effort. Although, a difference between a confined and unconfined
compression was not considered in this study and it is believed that probably this
different is associated with the hard validation. To achieve a better adjustment
to the experimental results, and as the nonlinearity of the stress-strain curves
can be controlled with the structural parameters, a different value of β parameter
(0.1 instead of 1.0) was defined in this simulation. The analysis of β parameter is
presented below.
Fig. 5 Unconfined compression stress of the FE simulation for the superficial zone and com-
parison with the experimental data from Ateshian et al (1997).
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An FE model of the middle cartilage zone with a random fibre orientation was
study using the experimental data from Jurvelin et al (2003).
Fig. 6 shows the computed axial true stress versus engineering strain for both
simulation model and experimental data. The proposed fibre-reinforced FE model
fits the nonlinear behaviour (in agreement with standard deviations from exper-
imental results) and it is able to reproduce the experimental data in unconfined
compression conditions.
Fig. 6 Unconfined compression stress of the FE simulation for the middle zone and comparison
with the experimental data from Jurvelin et al (2003).
The uniaxial tension simulations of the superficial and middle zones are pre-
sented in Fig. 7 and Fig. 8, respectively. In the first simulation, all fibres are defined
in the plane parallel (perpendicular to the fibre reference direction) to the loading
direction. The results exactly fit the experiments (Elliott et al, 2002) for tensile
testing of this zone very accurately. Similarly, the tensile results for the middle
zone overlap the experimental data from Elliott et al (2002).
Fig. 7 Uniaxial tension stress of the FE simulation for superficial zone of cartilage and com-
parison with the experimental data from Elliott et al (2002).
To demonstrate that the proposed fibre reinforced FE model can be used to
simulate the cartilage deep zone, a representative unconfined compression test
(using the experimental data from the middle zone (Elliott et al, 2002) was per-
formed. Fig. 9 shows the results of this representative simulation. Although the
experimental data in this case are not available, the model proved to be suitable
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Fig. 8 Uniaxial tension stress of the FE simulation for middle zone of cartilage and comparison
with the experimental data from (Elliott et al, 2002).
in cases where the fibres are perfectly aligned (b = 1). For feasible experimental
data of the deep zone, the model parameters should be adjusted.
Fig. 9 Uniaxial tension stress of the FE simulation for deep zone of cartilage and validation
with data of the middle zone stress-strain curve from Elliott et al (2002). In this case, the
parameters should be adjusted.
Fig. 10 The influence of structure parameter on stress response for different fibres distribu-
tions under compression and tension simulations.
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The role of structure parameters α and β The influence of α and β parameters
in the tension-compression response was also investigated. These parameters are
used to complement the structure tensor increasing the flexibility of the model. A
representative numerical example was performed and the relationship between the
fibre distribution (b) and the variation of the stress with the β parameter is plotted
in Fig. 10. In all cases, the parameter α was kept constant as 1.0. For β (+ and −)
defined as zero, the stress increases in tension and it is constant in compression
for negative values of b (superficial zone) until reach the totally isotropic region
(middle zone with b = 0). Consequently, for a positive value of b the behaviour is
opposite, the axial stress is constant in tension and increases in compression (from
the isotropic distribution to the distribution of perfectly fibres aligned).
When β (+ and −) is considered in the structure tensor for values different
from zero, stress increases in tension from the superficial zone (where b is more
negative) to the deep zone (b = −1) (see Fig. 11). The opposite occurs when
the model is under compression. If the β parameter increases (see Fig. 12), the
maximum value of the stress will increase in compression and also in tension.
Fig. 11 The influence of structure parameter β = 1 on stress response for different fibres
distributions under compression and tension simulations.
Fig. 12 The influence of structure parameter β = 2 on stress response for different fibres
distributions under compression and tension simulations.
Another parameter which characterizes the structure tensor is the parameter
α, which allows the adjustment of the stress response curvature as function of the
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fibre alignment. As shown in Fig. 13, the change of this parameter gives a different
result in the stress response.
Fig. 13 The influence of structure parameter α on the stress response for different fibres
distributions under compression and tension simulations.
4.2 Remodelling process
To evaluate the new remodelling approach, the evolution of the fibre distribu-
tion parameter and the fibre reorientation under different loading conditions was
investigated. Fig. 14−17 compares the evolution of b in unconfined compression
versus pseudo-time stepping, with a different value for rb parameter. Both simu-
lations show (Fig. 14) that the distribution of fibres tends to negative values, as it
should, since that all fibres, initially aligned (b0 = 1) with the reference direction
ef,0 = (1, 0, 0), tend to be distributed isotopically in the plane perpendicular to
the loading direction, and the reference fibre vector becomes perpendicular to this
reference direction. However, an increase of rb from 0.5 to 1.0 leads to the b param-
eter reaches faster the expected value bt = −1. It should be noted that this case
does not correspond to any point of the cartilage and it is only referred to a better
understand the presented model. Fig. 15 shows the remodelling of b for a reference
Fig. 14 Remodelling of fibre distribution versus time in compression with a reference fibre
direction ef,0 = (1, 0, 0) and b0 = 1 (representing an unknown zone). The dotted line with a
rb = 0.5 and the continuous line with rb = 1.0.
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fibre direction of ef,0 = (0, 0, 1), when fibres are organized following the plane
perpendicular to this direction (b0 = −1). Thus, it represents the superficial zone
of the cartilage. When this zone is compressed, the distribution of fibres (bt = −1)
tends to be constant along the simulation. There is no remodelling process of fibres
because in compression they will expand in the same plane and no change in the
directions is observed. The same occurs when the distribution of fibres is aligned
with the reference direction. The distribution was kept as constant (b = 1) during
the simulation (see Fig. 15). This result can show the natural phenomenon that
occurs with the fibres in the deep zone. When the tissue is loaded in tension, all fi-
bres aligned with the reference direction tend to stretch (along the axial direction)
and keeping the same direction while they are in tension. In compression, fibres in
this layer of the tissue do not respond, resulting in a phenomenon called ‘buckling’
of fibres (Federico and Herzog, 2008; Cortes et al, 2010). Thereby, only the tension
simulation was presented in this study. To analyse the evolution of the isotropic
Fig. 15 Remodelling of fibre distribution versus time in compression with a reference fibre
direction ef,0 = (0, 0, 1) and b0 = −1 (representing the superficial zone).Remodelling of fibre
distribution versus time in tension with a reference fibre direction ef,0 = (0, 0, 1) and b0 = 1
(representing the deep zone).
distribution, which is associated with the middle zone (b0 = 0) of the tissue, one
model in tension and two models in unconfined compression were investigated.
The fibre reference direction was defined by ef,0 = (0, 0, 1) in both simulations.
The results of these three simulations are presented in Fig. 16. In tension, b0 is
Fig. 16 Remodelling of fibre distribution versus time in compression and tension with a
reference fibre direction ef,0 = (0, 0, 1) and b0 = 0 (representing the middle zone).
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initialized as zero and tends to positive values (where the limit is bt = 1). This
reorientation of fibres indicates that, in tension, all randomly oriented fibres tend
to realignment with the loading direction, which is the same of the reference fibre
direction. In compression, the distribution of fibres varied between b0 = 0 and
bt = −1. Initially, fibres show an isotropic distribution (middle zone) and then,
they tend to be perpendicular to the reference direction ef,0 = (0, 0, 1) but with
an isotropic distribution in the plane (bt = −1). As shown in a previous numerical
example (Fig. 14), when the rb increases the negative limit (bt = −1) is reached
faster (rb = 2). These results highlighted the assumptions initially made in this
work (see Sect. 2.1). In compression the distribution of fibres parameter tends to
be −1, characterizing a plane isotropic distribution and in tension the distribu-
tion parameter tends to be 1, describing the perfect alignment of fibres with the
reference direction (Driessen et al, 2003; Wilson et al, 2006).
FE model with three layers To explore the influence of the distribution of fibres
parameter (b) under deformation with a depth-dependent manner, a combination
of three layers in the same FE model was performed. The FE mesh used previ-
ously was divided into three different materials with 20%, 50% and 30% of the total
thickness for superficial, middle and deep zone, respectively. The fibre distribution
for each zone was defined as b = −1.0 (superficial), b = 0.0 (middle) and b = 1.0
(deep) with a fibre reference direction ef,0 = (0, 0, 1). However, these b values will
change as function of tissue deformation history. The FE model was compressed
by 10% of the sample thickness over a pseudo-time. The axial displacement was
applied perpendicular to the top of superficial zone. The results of these simula-
tions are presented in Fig.17 with different values for the remodelling parameter
a)rb = 0.1 b)rb = 0.2 and c)rb = 0.3. For the same time step, the remodelling pa-
Fig. 17 Compression simulation of a three-layer FE model with different fibres distribution
and three different remodelling parameters a)rb = 0.1 b)rb = 0.2 and c)rb = 0.3.
rameter (rb) influences the distribution of fibres (b). With deformation, fibres run
to the direction which can resist more. As previously discussed, when the sample
is compressed, fibres reorient to have a distribution of b = −1.0. This phenomenon
is evident in the middle and deep zones, while in the superficial zone it keeps
constant along the time. The remodelling parameter controls the rate of change of
the distribution of fibres. When the rb value increases, the remodelling process is
faster to the new direction, determined from the deformation history. It is shown
Fig.17 where the distribution in the deep zone is b ≈ 0.8 for rb = 0.1 (Fig.17a),
b ≈ 0.6 for rb = 0.2 (Fig.17b) and b ≈ 0.3 for rb = 0.3 (Fig.17c).
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5 Conclusion
In the present study, a novel continuum anisotropic hyperelastic remodelling ap-
proach to investigate the effects of the cartilage collagen network in a depth-
dependent manner was proposed. A new structure tensor, in order to describe
the mechanical response of the embedded anisotropic collagen fibres, was intro-
duced and different material and structure parameters were included to increase
the flexibility of the new proposed model. The preliminary numerical results al-
low to demonstrate the ability of the new formulation to reproduce the nonlinear
tension-compression response of cartilage in two main loading conditions, and cross
validated with the experimental data available from the literature. In the super-
ficial zone, the validation of these parameters was more complex either by the
absence of experimental data or by the confined configuration used in the current
experiments. In case of the shear modulus of the isotropic matrix, the value was
assumed as equal in all regions being low when compared with literature.
The proposed FE model showed good results and low numerical consumption when
compared with other approaches in literature. This formulation is relatively simple
when compared with the numerical integration on the unit sphere (Federico and
Herzog, 2008) where the spherical designs methods are used. In the present model
the dispersion of fibres was considered in the hyperelastic formulation through a
structure tensor, which gives a different mechanical response when compared with
models where the anisotropic strain depends only by the local reference direction
of the collagen fibres (Holzapfel and Ogden, 2010; Pierce et al, 2013, 2015). More-
over, the buckling phenomenon of the fibres was also taken into account.
In the remodelling cases, the evolution of the collagen fibres orientation for each
zone was analysed. Again, due to the lack on experimental data, the study of re-
generation fibre parameter was not totally achieved. Thus, some remodelling pa-
rameters were fixed in all simulations. Although this work has focused on changes
in fibres orientation, the effects of fibre remodelling in the mechanical properties
of the tissue should be further investigated. Diverse fibre distributions could be
explored using this model and more real-like boundary conditions used instead of
the layer-based sample.
This new constitutive law for modelling the anisotropy, reorientation and remod-
elling behaviour of the articular cartilage can contribute to the development of
the future studies in the articular cartilage. In addition to cartilage tissue, the
present model has the potential to study other fibrous soft tissues, contributing to
a better knowledge of the structural adaptation in the collagen network associated
with arbitrary mechanical stimuli. In summary, this study aims to improve nu-
merical models that have proven to be essential tools to support the experimental
protocols in the cartilage tissue engineering.
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